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Materials and Methods 
 
Materials and Reagents 
The DNA library and PCR primers were purchased from Integrated DNA Technologies (Leuven, 
Belgium). The aptamer switch probe was synthesized by VBC Biotech (Vienna, Austria). Yeast 
hexokinase was obtained from USB biotech (Staufen, Germany). Streptavidin-coated and hydroxyl 
activated SiMAG magnetic beads were purchased from Chemicell (Berlin, Germany). 8-[(6-
amino)hexyl]-amino-adenosine-5´-triphosphate sodium salt was purchased from Jena Bioscience (Jena, 
Germany). RNAse OUT inhibitor was obtained from Invitrogen (Paisley, UK). All other reagents were 
purchased from Sigma (Munich, Germany). 
Preparation of ATP Immobilized Magnetic Beads 
Hydroxyl coated magnetic beads (500 µL, 25 mg) were washed with 0.2 M NaHCO3 pH 8.2 (2 × 750 µL) 
and suspended in 0.2 M NaHCO3 pH 8.2 (625 µL). 5.0 M CNBr in acetonitrile (150 µL) was added and 
left to react for 10 min. at 0 °C. The beads were then washed with 10 mM sodium phosphate buffer pH 
7.25 (2 × 750 µL) and resuspended in 10 mM sodium phosphate buffer pH 7.25. 8-[(6-amino)hexyl]-
amino-adenosine-5´-triphosphate sodium salt 10 mM in ddH2O (50 µL) was added and shaken for 4 h. at 
30 °C. The magnetic beads were again washed with 10 mM sodium phosphate buffer pH 7.25 (2 × 750 
µL) and resuspended in 500 µL 10 mM sodium phosphate buffer pH 7.25. The ATP coated magnetic 
beads (ATP-beads) were stored in solution at 4 °C until use.   
In Vitro Selection 
The selection method was similar to Flu-Mag Selex1. The single stranded DNA (ssDNA) library, 
containing 44 random nucleotides flanked by fixed regions (GGCGGCGATGAGGATGAC-N44-
ACCACTGCGTGACTGCC), was amplified by PCR. The 100 µl PCR mixture contained 0.2 µM of each 
primer (Primer 1: Biotin-GGGCAGTCACGCAGTGGT; Primer 2: GGCAGTCACGAGTGGT), 0.2 µM 
dNTP mix, 5 mM MgCl2 and 1 unit Taq polymerase (Fermentas, Germany). The first cycle is started with 
10 pmol of DNA library. PCR consisted of 94 °C for 30 sec, 60 °C for 30 sec, and 72 °C for 30 sec for 
various number of cycles. The non-biotinylated ssDNA strand was separated from the other strand using 
streptavidin-coated-magnetic beads2.  
The SELEX procedure was completed in 14 cycles. The procedure was designed for ATP specific 
enrichment by using negative selection with naked beads followed by positive selection with ATP-beads 
for 10 rounds. A negative-positive counter selection of 4 additional rounds was carried out to eliminate 
sequences binding adenine-nucleotides other than ATP. The negative counter selection was achieved by 
eluting ssDNA library members bound on ATP-beads with a mixture of ADP, AMP and GTP, and the 
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positive counter selection with 4 mM ATP. In each cycle, approximately 6.6 1010 naked beads or ATP-
beads were incubated with the ssDNA library in selection buffer (20 mM phosphate buffer, pH=7.4; 140 
mM KCl: 10 mM NaCl; 5 mM MgCl2, and 5,5% (w/v) glucose) at 25 ºC for 30 min. Washing steps were 
performed at least four times with the same buffer and the library members bound on beads were eluted 
by alkaline treatment in the first 10 cycles. In counter selections, the ATP-beads were incubated as 
described above with ssDNA library and the bound sequences were eluted with 4 mM ATP in selection 
buffer by incubating for  15 min.  The 14th pool sequences were cloned into pCR4 plasmids (Invitrogen, 
TOPO), and 42 individual colonies were randomly selected and sequenced. A similarity search analysis 
by MEME (Multiple Em for Motif Elicitation, version 4.3.0, http://meme.sdsc.edu/meme4_3_0/cgi-
bin/meme.cgi) showed that 8 of 42 sequences shared a consensus sequence (TAGTAAGA) indicating a 
possible binding site for ATP (Table S1). These sequences were evaluated for affinity by using ATP-
beads. The bound ssDNA library was eluted with 4 mM ATP and it was quantified in a 
spectrofluorometer for fluorescein emission at 520 nm after excitation at 480 nm using the oli-green DNA 
quantification kit3 (Invitrogen, UK). Sequences S10 and S24 were found to have affinity for ATP (Figure 
S2A). Further evaluations for ATP, ADP and AMP elution patterns (as performed like positive counter 
selection procedure) indicated that S10 has better affinity for ATP compared to ADP and AMP (Figure 
S1B). 
Surface Plasmon Resonance Analysis 
The aptamer S10 was chosen for further characterization, as it had specific binding affinity for ATP based 
on ATP-bead binding assays. The affinity constant (KD) was determined using surface plasmon resonance 
(SPR) analysis (Biacore 3000, GE Healthcare, Sweden). The biotinylated S10 sequence was immobilized 
on a streptavidin-coated chip (SA chip, GE Healthcare, Sweden) to about 1000 RU. The running buffer 
and binding buffer was the same as selection buffer but without glucose. Any nonspecific binding to the 
reference cell was subtracted from the sample flow cell response. A concentration series of ATP was 
assayed, between 0.5-3 mM. The SPR signals were negative, but concentration dependent and analysis of 
mirror-imaged signals fitted to a single-binding model. Similar negatively correlated results were 
previously reported for small sugar analytes and the phenomenon was explained by ligand-induced 
structural changes4. KD values were determined from equilibrium binding responses to fit the curves using 
1:1 binding by Biaevaluation 4.1 (Figure S2). 
Aptamer-based Nanobiosensor Preparation 
Polyacrylamide nanoparticles were prepared by an inverse micro-emulsion polymerization reaction 
modified from Daubresse5 in the presence of the ATP aptamer switch probe. Briefly, 3.08 g of dioctyl 
sulfosuccinate (AOT) and 1.08 g of Brij 30 were dissolved in 43 mL of hexane and deoxygenated by 
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sonication for 1 h. Meanwhile 1.35 g of acrylamide and 0.4 g of N,N-methylenebisacrylamide were 
dissolved in 4.5 mL of 10 mM sodium phosphate buffer pH 7.25 and 280 µL of a 100 µM aptamer switch 
probe solution was added. 2.0 mL of this solution was added dropwise to the hexane solution and left for 
20 minutes under argon to form the microemulsion. Polymerization was initiated by addition of 50 µL of 
a 10 % (w/v) solution of sodium bisulphite and allowed to proceed for 3 h. The hexane was removed in 
vacuo and the nanosensors were precipitated by the addition of 100 mL ethanol. The suspension was 
transferred to an Amicon ultrafiltration cell model 2800 (Millipore Corp., Bedford, USA) and filtered 
through a 100 kD filter and washed with 4 × 100 mL of ethanol to remove unreacted monomers and 
surfactants. The particles were resuspended in 50 mL of ethanol, filtered (0.025 µm nitrocellulose filter 
membrane) and dried in vacuo. Vacuum dried particles were kept at -20 °C until they were used in 
experiments. Nanoparticle size was obtained by dynamic light scattering method (15 mW laser, incident 
beam 633 nm; Brookhaven Instruments Corporation, Holtsville, NY) in a non-negative least square curve 
fit analysis. The measurements were performed in triplicate at room temperature. 
 
Fluorescence Measurements 
All fluorescence experiments were performed as triplicates in an Edinburgh FL 920 spectrofluorometer 
(Edinburgh Instruments, U.K.) using a 2 ml sample cell with temperature control and constant stirring. 
The samples contained 50 nM aptamer switch probe or 0.5 mg/ml nanoparticle with embedded aptamers. 
The changes in fluorescence signal due to Texas Red were measured at 610 nm upon excitation at 580 nm 
and the temperature of the sample cell was maintained at 25 ±0.01 ºC. 
Titration experiments were performed in selection buffer (20 mM phosphate buffer, pH=7.4; 140 mM 
KCl: 10 mM NaCl; 5 mM MgCl2). The concentrations of nucleotides used can be seen in the respective 
figures. The fluorescence signals were normalized to initial fluorescence by the following equation: 
φ  F0  1 
where F is the fluorescence signal after addition of ATP and F0 is the initial fluorescence before adding 
ATP. 
Titrations were analyzed by curve fitting to a three parameter sigmoidal equation by SigmaPlot (Version 
11, San Jose, CA): 
φ  
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Where “a” and “b” are constants, [L] is ligand concentration, Kd is the dissociation constant, and “n” is 
Hill coefficient.  Kd was calculated as 3.22 mM for ATP and 4.37 mM for ADP. 
Calculation of ATP Concentrations 
The measured fluorescence signals were used to estimate the concentration of ATP (and ADP) using the 
equation: 
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where [A]0 is the initial concentration of ATP and φATP and φADP represent the ATP and ADP binding curves 
in Fig. 1C. Solving equation (2) implies that the term [A]0−[ATP] is used in the expression for φADP, i.e. we 
need to know the total concentration of ADP and ATP in order to determine the concentration of ATP. 
Hexokinase Assays 
Hexokinase kinetic assays were carried out in assay buffer (50 mM K2PO4, pH=7.00, 5 mM MgCl2) with  
10 mM glucose. The consumption of ATP was monitored by recording the decrease in fluorescence of the 
aptamer switch probes. In the case of yeast extract experiments, yeast cells, Saccharomyces cerevisiae 
diploid strain X2180, were grown and harvested as described in Poulsen et al6. and the cell extracts were 
prepared by disrupting 10% (w/v) yeast cells in a French Press. A one 10th final dilution of the extract was 
used in rate determination experiments. The initial velocity (v0) was calculated from counts over the 
initial 100 seconds and converted to ATP concentration change per second by using equation (2) above. 
The dependence of kinase activity in yeast extracts on glucose was tested by running control experiments 
with the same assay buffers without glucose (Figure S3). A cell extract boiled for 5 min was used as 
control in assay buffer (Figure S3). The Michaelis-Menten constants were calculated by non-linear 
regression curve fitting of initial rates to hyperbola by SigmaPlot : 
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where Vmax is the maximum rate  and KM is the Michaelis-Menten constant. The fact that no ATP 
consumption was observed in the absence of glucose in the assay medium suggests that hexokinase has a 





Measurements of intracellular ATP in yeast cells 
Polyacrylamide particles were prepared as above but in addition to the aptamer switch probe a reference 
dye (Texas Red Dextran) was inserted into the particles for ratiometric measurements. First titration 
curves for ATP and ADP similar to those in Fig. 1 were constructed using the ratio of fluorescences due 
to Texas Red and Alexa Fluor. The change in fluorescence signal due to Texas Red was measured at 
605/3 nm with excitation at 580/3 nm, while the fluorescence due to Alexa Fluor 488 was measured at 







against the concentration of ATP and ADP, respectively, was constructed and fitted to equation (1). The 
sensors were then inserted into the yeast cells using electroporation as described previously7. Finally the 







Table S1. Alignment of random regions of cloned sequences around the consensus motif. The sequence 
logo shows the probabilities of each nucleotide at each position in the motif. 








S24 ATAGCCAACATATGGCAGCATACCTA TAGTAAGAACTCGAT TTTT 
S05 CCGGATACTACAA TAGTAAGACATAGTG TGCCCTCACTCTTAGG 
S26 CTAACT TAGTAAGACCAAGTG TTGGGATCAACGCGGACAAATGA 
S10 G TAGTAAGAACTAAAG TAAAAAAAAAATTAAAGTAGCCACGCTT 
S08 CCGAATTATGAGGTTAAGAGAA TAGTAAGAAGTAATT TGACCTT 
S17 ATA TAGTAAGAAACTGTT AAGCGAAAATCTATAACTCCAAAAAT 
 
 
Figure S1. A) Binding assay of cloned sequences to ATP. 1 µM of each sequence was incubated with 
ATP-conjugated-beads in selection buffer for 30 min. After washing with the same buffer, eluted DNA 
was quantified by oli-green dye. The fluorescence due to oli-green is measured at 520 nm upon excitation 
at 480 nm. B) Evaluation of S10 sequence for affinity to adenine-nucleotides. The bound ssDNA library 



























































Figure S2. Kinetic analysis of ATP binding to S10 aptamer sequence which was immobilized with 3’ 
biotin on a streptavidin covered chip. Sensorgrams after injecting a range of concentrations of ATP 
between 0-1500 µM in selection buffer without any glucose were overlayed. The SPR signals were 
presented after referencing to control channel and multiplied by -1 to make mirror images. The signal is 
concentration dependent and could be fitted to a Langmuir 1:1 binding model. The kinetic parameters 
were calculated as Ka (1/Ms)=11.7, Kd (1/s)=8.11×10-3 , Rmax=10.2, KD=700 µM with χ2=0.9.  
 
Figure S3. Hexokinase activity of yeast cell extract. A mixture of aptamer nanoparticle sensor in assay 
buffer and cell extract was prepared and 10 mM glucose was added at zero time for the blue points. A 
control at the same conditions without addition of glucose (green points) showed no kinase activity. 
Similarly, a control experiments in assay buffer with 10 mM glucose by using inactive yeast extract (5 
































Figure S4. . Measurements of intracellular ATP in yeast cells with an oscillating glycolysis. Yeast cells 
(10% wet weight) suspended in 50 mM phosphate buffer, pH 6.8, at 25 oC were electroporated as reported 
previously7 for incorporation of ATP nanosensors. 30 mM glucose and 5 mM KCN were added to the 
suspension as indicated by the arrows (red graph). ATP production by glycolysis was inhibited by adding 
20 mM iodoacetate at the indicated time in similar experiment (blue graph). Iodoacetate inhibits the 
enzyme glyceraldehydes-3-phosphate dehydrogeanse in glycolysis.The exposure to iodoacetate casued a 
sudden decline in ATP content of cells and a lower concentration afterwards in agreement with previous 
reports8. For the uninhibited  experiment we also determined the intracellular concentrations of ATP by 
extracting the cell material and measuring the ATP concentration in the extract using a luciferase assay9 at 
three different sampling points as indicated (black dots). The error bars indicate the standard deviation. 
Luciferase measurements confirmed the concentrations determined by biosensors to be at similar levels. 
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